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ABSTRACT 

We present the results of a search for new members of the Taurus star-forming region using the 
Infrared Array Camera (IRAC) aboard the Spitzer Space Telescope. With IRAC images of 29.7 deg^ of 
Taurus at 3.6, 4.5, 5.8, and 8.0 ^m, we have identified sources with red mid-infrared colors indicative of 
disk-bearing objects and have obtained optical and infrared spectra of 23 of these candidate members. 
Through this work, we have discovered 13 new members of Taurus, two of which have spectral types 
later than M6 and thus are likely to be brown dwarfs according to the theoretical evolutionary models 
of Chabrier and Baraffe. This survey indicates that the previous census of Taurus has a completeness of 
~ 80% for members with disks. The new members that we have found do not significantly modify the 
previously measured distributions of Taurus members as a function of position, mass, and extinction. 
For instance, we find no evidence for a population of highly reddened brown dwarfs {Ak ~ 2) that 
has been missed by previous optical and near-infrared surveys, which suggests that brown dwarf disks 
are not significantly more flared than disks around stars. In addition to the new members, we also 
present IRAC photometry for the 149 previously known members that appear within this survey, 
which includes 27 objects later than M6. 

Subject headings: infrared: stars — stars: evolution — stars: formation — stars: low-mass, brown 
dwarfs — stars: luminosity function, mass function — stars: pre-main sequence 



1. INTRODUCTION 

As one of the nearest sites of active star formation 
{d = 140 pc), the Taurus complex of dark clouds has 
long been a popular laboratory for studies of the birth 
of stars and planets. A fundamental prerequisite for 
most observations of Taurus is a census of its stellar 
content. Over the decades, a variety of methods have 
been employed to identify members of Taurus, inc l uding 
objective prism spectros copy of Ha l)Jovl 119461 Il949t 
IRricefio et a,lHT993l Tgg?) . X-ray imaging with th e Ein 
stein Observatory ( Feigclson et al. 1987: Waltci^^_^ 
1988 ) a nd the Rontqe n Satell ite JStrom & ^trom 
1994 : iNeuhauser et all 119951 IWichmann et al 
199(i : iBriceno g^_gl[ 1199^ . proper motion measure- 



ones fc Herbid 1197 
iGomez et al.l Il992j) . near- ar 



pr oper 

[2 iHartmann et alJ 119911: 



and mid-infrar ed (IR) pho- 
tomctry f rom ground-based telescopes (Gome z et al.l 
11994 Jtoh'eTalTlTgM [Luhman fc Riekd 1998) and the 



Infrared Astronomical Satellite (IRAS) ||Bcichma n~et al.l 
19861: iKenvon et al."19 90l 119941) . an d wide-field optical 
and n ear-IR imaging (B riceno et al.lll 998. 2002; LuhmaJ 
200^, 2004b, 2006; Luhman et al. 2003a; M artin et all 
2001; .Guieu et al, 2006). The census of known members 



of Taurus has stead ilv grown l| Cohen fc Kuhil IT979I: 
iHerbig fc BeU IT981 IKenvon fc Hartmann' '19950 and 
now contains more than 300 stars and brown dwarfs. 
The Spitzer Space Telescope (|Werner et al.ll2004l() of- 
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fers a combination of sensitivity and large field of view 
that is unprecedented for a mid-IR telescope, making 
it uniquely suited for finding disk-bearing objects down 
to low masses (M ^ 0.01 M©), through high levels of 
extinction [Ay ^ 100), and across large areas of sky 
(0 ^ 10°). To take advantage of this capability, we have 
used archival Spitzer images encompassing 29.7 deg^ of 
Taurus to perform a search for new members of the re- 
gion. In this paper, we present the collection and analysis 
of the Spitzer data (§|2Il, the identification of candidate 
members with these data (§ the spectroscopy and 
classification of these candidates (§E}, an evaluation of 
the completeness of this survey and previous ones (§|Sll, 
and the implications of our updated census for the dis- 
tribution of Taurus members as a function of position, 
mass, and extinction and the implications of our mid-IR 
photometric catalog for the frequency of disks in Taurus 
(§©■ 

2. ANALYSIS OF SPITZER DATA 

To search for new members of Taurus, we used unpub- 
lished archival images at 3.6, 4.5, 5.8, and 8.0 /im that 
were obtained wi th the Infrared Array Camera (IRAC; 
iFazio et al.l I2004D aboard the Spitzer Space Telescope 
during the General Observer program 3584 by D. Pad- 
gett. The plate scale and field of view of IRAC are 1'.'2 
and 5. '2 x 5. '2, respectively. The camera produces images 
with FWHM= 1'.'6-1'.'9 from 3.6 to 8.0 /im. The IRAC 
data for Taurus were collected between 2005 February 20 
and 27 (UT). The images were obtained in 16 adjacent 
maps, each of which contained a mosaic of pointings sep- 
arated by 290" and aligned with the array axes. At each 
cell in the map, images were obtained in the 12 s high 
dynamic range (HDR) mode, which provided one 0.4 s 
exposure and one 10.4 s exposure. Each of the 16 maps 
was observed twice. These observations encompassed a 
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total area of 29.7 deg^. The boundaries of the imaged 
fields are indicated in the map of Taurus in Figure Q 

The IRAC images were processed with the SIX. 4.0 
pipeline from the Spitzer Science Center and the pipeline 
for the Galactic Legacy I nfrared Mid -Planc Survey Ex- 
traordinaire (GLIMPSE, iBeniamin et al . 2003) after it 
was modified to enable the processing of HDR frames. 
Sources were extracted from individual frames using a 
modified version of DAOPHOT ( Stetson 1987)^ Before 
the photometry was measured, image defects were cor- 
rected and saturated stars were masked. The image de- 
fects included column pulldown and muxbl eed for 3.6 
and 4.5 ^m and banding for 5.8 and 8.0 /zm ijHora et al.l 
I2004jl . We did not mask cosmic rays because overmask- 
ing of cosmic rays can modify stellar fluxes. An array- 
location-dependent photometric correction was applied 
to the IRAC photometry as specified by the Spitzer Sci- 
ence Center ^. The sources were merged across observa- 
tions and wavelengths using the Spitzer Science Center 
bandmerger, as modified by GLIMPSE. At this step, the 
IRAC sources were merged with near-IR sources from the 
Point Source Catalog of the Two- Micron All-Sky Sur- 
vey ('2MASS. ISkrutskie et aLll2006D . To prevent cosmic 
rays from being falsely included in our source lists, we 
required detections of each source in at least two ad- 
jacent IRAC bands with a signal-to-noise ratio (SNR) 
greater than 5 in at least one and two bands for 0.4 
and 10.4 sec, respectively. These criteria were developed 
through analysis of color-color and color-magnitude di- 
agrams and comparison of 0.4 to 10.4 sec data for the 
Taurus data in this work and obser vations of the Large 
Magellanic Cloud bv lMeixner et al.l (2006). Even if the 
source is reliable, the photometry in all bands may not 
be. Therefore, for both the 0.4 and 10.4 sec data, we 
rejected the flux in a band if SNR< 5 in the combined 
measurement from the two exposures for that band. For 
the 10.4 sec data, we excluded photometry brighter than 
9.5, 9.0, 6.5, and 6.5 mag at 3.6, 4.5, 5.8, and 8.0 fj,m, 
respectively. For the 0.4 sec data, we flag as upper limits 
the magnitudes brighter than 6.0, 5.5, 3.0, and 3.0 mag, 
respectively. When merging the catalogs for the short 
and long exposures, we matched a pair of sources if the 
separation was less than 0'.'7. For these objects, we com- 
pared the short and long exposure data at a given band 
and adopted the measurement with the smallest error. 
The list of IRAC sources, which we refer to as the Taurus 
IRAC Point Source Archive (or "the Archive"), contains 
~ 450, 000 sources and will be avai lable to the p u blic^. 

We used the calibration from iReach et al.l l)2005j) . 
which differs slightly from the calibration applied to pre- 
vious IRAC measurements in Taurus by Hartmann^^^ 
(12005) . After adjusting the data from Hartman n et al. 
J2OO5) to the calibration from Reach et al, (2005() and 
comparing photometry for ~ 40 sources appearing in 
both studies, we find that the average photometry for 
each band agrees between the two studies to within 
-2%. 

3. SELECTION OF CANDIDATE MEMBERS OF TAURUS 

^ For more details concerning the photometry routines and 
GLIMPSE pipeline processing, see the GLIMPSE documents at 
|http: / / www.astro.wisc.edu/glimpso / docs.html 

° http:/ /ssc. spitzer. caltech.edu/irac/locationcolor 
http:/ /www. astro. wisc.edu/glimpse/Taurus 



To develop criteria for identifying sources in the 
Archive that could be new members of Taurus, we ex- 
amined the colors exhibited by previously known mem- 
bers appearing within the IRAC survey. According to 
published membership lists for Taurus (§ ^1, 149 re- 
solved, previously known members are encompassed by 
the IRAC images. One of these members, the proto- 
star IRAS 04368-1-2557, is not in the Archive because 
it is extended and thus was missed by our automated 
software for finding point sources. Although the binary 
IT Tau is resolved by the IRAC images, the software 
identified only one source. We measured separate pho- 
tometry for IT Tau A and B by inputting the known 
positions of the two objects into the pipeline and in- 
cluded these data in the Archive. Among IT Tau A and 
B and the remaining 146 members in the Archive, 118 
objects have photometric uncertainties less than 0.1 mag 
in all four IRAC bands. These members are plotted in a 
diagram of [3.6] - [4.5] versus [5.8] - [8.0] in Figure □ 
As demonstrated in th e IRAC survey of known Tau- 
rus members by Hart mann et alJ l)2005|) . different areas 
in this diagram correspond to different classes of mid - 
IR spectral energy distributions l)Lada fc Wilkin dll 9841) . 
Stars that lack significant amounts of circumstellar dust 
(class III) reside near the origin in Figure [3 while stars 
with disks (class II) and stars with both disks and in- 
falling envelopes (class and I) have progressively red- 
der mid-IR colors. The neutral colors of diskless mem- 
bers of Taurus make them indistinguishable from field 
stars in IRAC data. However, the other classes are 
more e asily separated from mo st contaminants. In par- 
ticular, ^art^^n^^^O l|2005fl showed that most of the 
disk-bearing objects in their sample exhibited colors of 
[3.6] - [4.5] > 0.15 and [5.8] - [8.0] > 0.3. Therefore, 
to identify candidate class I and II members of Tau- 
rus in the new IRAC survey, we applied these criteria 
to the ~27,000 sources in the Archive with photomet- 
ric errors less than 0.1 mag in all four bands, which 
are shown in Figure |21 We selected for spectroscopy 
20 candidates that satisfy these color criteria and that 
appear within the range of magnitudes encompassed by 
previously known members ([3.6] < 13, Figure IJJ. The 
star HD 283751 exhibits excess emission in the IRAC 
bands, but was classi fied as a background Be star by 
iJones fc Herbid l)1979() , and thus has been excluded from 
this work. 

We also searched for candidate members of Taurus 
among the IRAC sources that have errors less than 
0.1 mag in only three bands. The absence of an accurate 
measurement for one of the four bands was typically be- 
cause of saturation (usually at 3.6 /zm), contamination 
by a cosmic ray, or simply low signal-to-noise (usually 
5.8 or 8.0 /im). To identify candidate class I and II ob- 
jects among these IRAC sources, we analyzed all possible 
IRAC color-color diagrams containing three bands in the 
same manner as [3.6] — [4.5] versus [5.8] — [8.0]. In this 
way, we selected one candidate from each of [3.6] — [4.5] 
versus [4.5] - [8.0], [3.6] - [5.8] versus [5.8] - [8.0], and 
[4.5] - [5.8] versus [5.8] - [8.0]. The diagram of [3.6] - [4.5] 
versus [4.5] — [5.8] reveals ~ 30 candidates, but they are 
excluded as promising candidates because they are sig- 
nificantly fainter than expected at 8 fim relative to the 
other bands for sources with disks. 

Spectroscopic observations of the above 23 candidates 
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are described in the next section. In § 0] we classify 
13 candidates as Taurus members and 10 candidates as 
nonmembers. 

4. SPECTROSCOPY OF CANDIDATES 

4.1. Observations 

We performed optical and near-IR spectroscopy on 
the 23 candidate Taurus members that were selected in 
the previous section using the Marcario Low-Resolution 
Spectrograph (LRS) on the Hobby-Eberly Telescope 
(HET), the Low Dispersion Survey Spectrograph (LDSS- 
3) on the Magellan II Telescope, and SpeX on the In- 
frared Telescope Facility (IRTF). TableQlsummarizes the 
observing runs and instrument configurations for these 
data. In Tables Hand El we indicate the night on which 
each object was observed. The procedures for the collec- 
tion and reduction of the optical sp ectra were similar to 
those described by'Luhman ('2004b'). The IR spectra ob- 
tained with SpeX (Ravncr et al. 200 3i) were reduced with 
the Spextool package (Cushing. Vacca. fc R.avneill2004() 
and corrected for telluric absorption with the method 
from lVacca eiTaLl (2003). 

4.2. Spectral Classification 

To determine if the candidates in our spectroscopic 
sample are members of Taurus rather than background 
sources, particularly red galaxies, and to measure their 
spectral types, we applied optical and IR classification 
methods that are identical to those em ployed in the re - 
cent survey for new Taurus members by iLuhmai] l)2006j) . 
The diagnostics of youth (and thus membership in Tau- 
rus) consist of emission lines, IR excess emission, gravity- 
sensitive spectral features, and reddening. For the new 
members of Taurus, we measured spectral types from 
the absorption bands of VO and TiO (A < 1.3 /im) and 
II2O (A > 1 fim) using averages of spectra of dwarfs and 
giants a s the spectros copic standards at optical wave- 
lengths l|LuhmaiJ 19991) and optically-classified young ob- 
jects as the standards at IR wavelengths. Based on the 
optical and IR spectra, we classify 13 candidates as mem- 
bers of Taurus. Seven of the remaining 10 candidates 
have emission lines that are indicative of active galaxies 
at redshifts of z=0.07-0.22. The final three candidates, 
2MASS J04233697+2526284, J04252936+2654238, and 
J04385618+2342078, lack both detectable stellar features 
and emission lines from galaxies. The spectra of class I 
stars can appear featureless because of continuum veiling 
from dust, but these three objects are much bluer than 
expected for embedded stars of this kind. It is possible 
that the presence of edge-on disks could explain both the 
blue near-IR colors and red mid-IR colors. However, for 
the purposes of this work, we classify them as nonmem- 
bers. The 2MASS identifications and 2MASS and IRAC 
photometry for the members and nonmembers are pro- 
vided in Tables 121 and 13 respectively. For each of the new 
members, we also include our spectral classification and 
the evidence of membership in Taurus. The spectra of 
the new members are presented in order of spectral type 
in Figs. and O To facilitate the comparison of these 
spectra, they have been corrected for reddening fL uhmaiil 
|2p04a; Luhman et al. 2005a). The positions of the new 
members are indicated in the map of Taurus in Figure^ 

4.3. Comments on Individual Sources 



Three of the new members were previously identified 
as candidate members of Taurus through detections of 
i<r-band e xcess emiss i on. T hose near-IR data were col- 
lected by lltoh et all l|1996n (ITG) and the astrometry 
and photometry f or the candidates, ITG 1, 15, and 40, 
were reported by lltoh et al. ( 1999,). ITG 15 al s o was 
identified as a near-IR source bv iTamura et alJ l|1996() 
a nd ITG 40 is probabl y star 32 fr om the near-IR survey 
of iGomez erahl (|1994j) . lltoh et a l. (2002) reported con- 
firmation of the membership of ITG 15 and 40 through 
K-hand spectroscopy. However, they did not identify any 
specific evidence of youth or membership in their data. 
Among the new members, ITG 1 exhibits the reddest 
IRAC colors and is p robably a class I object based on its 
location in Figure ("Hartm ann et al. ''200g^. One of the 
new members, 2MASS J04224786-h2645530, was previ- 
ously detected by IRAS. Finally, we note that the opti- 
cal and IR spectra of 2MASS 04390525-^2337450 contain 
many strong emission lines, including Ha, He I, and [O I], 
[O II], [N II], and [S II], which are indicative of an ac- 
tively accreting classical T Tauri star with a jet or an 
outflow. 

5. SURVEY COMPLETENESS 

We now evaluate the completeness of both our survey 
and previous surveys in Taurus. As mentioned in § (31 
116 of the 146 previously known Taurus members in the 
IRAC survey fields that were automatically identified as 
point sources have photometric uncertainties less than 
0.1 mag in all four IRAC bands, and thus satisfy the 
photometric criteria that we applied to the Archive in 
constructing the diagram of [3.6] — [4.5] versus [5.8] — [8.0] . 
An additional 12 of the known members have accurate 
photometry in three bands, so they satisfy the criteria 
for the three-band color-color diagrams with which we 
selected candidates. The remaining 18 known members 
lack good photometry in three bands because they are 
saturated (4), in the field of view of only two filters (13), 
or surrounded by extended emission (1). If we exclude 
the members along the edges of the maps with only 2- 
band coverage and consider only the area with 4-band 
coverage, then the color-color diagrams employed in se- 
lecting candidates contain 128/136 (94%) of the previ- 
ously known members (class through III). This per- 
centage represents an estimate of the completeness of our 
photometric sample of class I and II candidates for the 
same range of magnitudes and extinctions exhibited by 
previously known members. Because we did not obtain 
spectra of all of these candidates, our spectroscopic com- 
pleteness is lower. However, as shown in the diagram of 
[3.6] versus [3.6] — [8.0] in Figure (21 the ranges of colors 
and magnitudes exhibited by previously known Taurus 
members contain only ~ 8 remaining class I and II can- 
didates that have not been observed spectroscopically. 
Because this survey targeted only class I and II objects, 
and roughly half of Taurus members fall in these classes, 
it is likely that another 10-20 class HI members remain 
undiscovered in our survey field. 

We can quantify the limits in mass and extinction for 
which our survey is complete (for classes I and II) by 
examining the diagram of [3.6] versus [3.6] — [8.0] in Fig- 
ure where we show the known members of Taurus and 
the remaining sources from Figurej^lthat have red colors 
but lack spectroscopy. We include in Figure the photo- 
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metric completeness limit of these data, which was taken 
to be the value of [8.0] above which the number of sources 
as a function of [8.0] stops rising. This limit is computed 
from [8.0] because it is the least sensitive IRAC band 
for the ranges of colors in question. As demonstrated in 
Figure |31 the extinction limit of our survey for class II 
members (0.5 < [3.6] — [8.0] < 2.2) is very high, rang- 
ing from Ak 10 for 2 Mq ([3.6] - 6) to 2 
for 0.02 Mq ([3.6] ^ 12.5). For instance, if the known 
substellar class II members of Taurus were reddened by 
Ak = 2, our survey would still detect most of them. 
The completeness also is high for the ranges of colors 
and magnitudes expected for class I objects at stellar 
masses ([3.6] - [8.0] > 2.2, [3.6] < 11), where there are 
only two candidates that lack spectroscopy. One of these 
objects, 2MASS 04293209+2430597, is directly within a 
filament of known members and thus is a promising can- 
didate class I source. At the fainter levels expected for 
class I brown dwarfs, there remain a large number of 
candidates 500) that have not been observed spectro- 
scopically, most of which are probably galaxies based on 
their uniform spatial distribution. In addition to these 
class I candidates, Figures|21and|nicontain several objects 
that lack spectroscopy and have colors and magnitudes 
(0.5 < [3.6] - [8.0] < 1.5, [3.6] > 13) that are indicative of 
class II brown dwarfs at very low masses (M ~ 0.01 Mq). 

We can use the new members that we have found 
to assess the co mpleteness of pr evious surveys. The 
recent study by iLuhmanI ||200(tD considered an area 
of 225 deg^ that encompasses the entire field im- 
aged by IRAC. The search criteria in that survey 
were designed for spectral types later than M6, and 
two of the new members in this work are later than 
this threshold, 2MASS 04242090-I-2630511 (M6.5) and 
2MASS 04335245+2612548 (M8.5). They were missed 
by Luhman ( 2006) because the former is slightly too blue 
in 12 — Kg^ and the latter has 2MASS uncertainties that 
are too large. The fact that t wo objects of this kind were 
not found bv lLuhmai] l)2006|) is consistent with the level 
of completeness estimated in that study 75%). The 
survey of a smaller area of Taurus by Luhmaii (2004b) en- 
compassed three of our new members, ITG 1, 15, and 40. 
ITG 40 (M3.5) was not found because it is earlier than 
the spectral type limit of >M4 considered in that search. 
ITG 15 (M5) is later than this limit, but it was missed 
because it is 0.07 mag bluer than the / — Kg thresh- 
old that was adopted for selecting candidates. ITG 1 
was not identified as a candidate because it was below 
the sequence of Taurus members in the color-magnitude 
diagrams from ILuhmanI l)2004bD , which is common for 
class I objects because they are often observed in scat- 
tered light. Incompl eteness for scatt ered-light sources 
was acknowledged bv ILuhmanI l)2004b|) . The IRAC sur- 
vey als o overlaps significan tly with the recent optical sur- 
vey bv lGuieu et alJ 1)20061) . Ten of our new members are 
located within the area considered in that study. Four 
of these objects were not found because they are ear- 
lier than the range of spectral types that was searched 
(>M4). ITG 1 was probably miss ed in the same man- 
ner described for ILuhmanI l|2004bj) . The remaining five 
new members are within the range of spectral types and 

* 12 is the second epoch near-IR magnitude in the USNO-Bl.O 
Catalog IMonet et alj^003) . 



extinctions searched bv iGuieu et alJ l)2006ri . and consist 
of 2MASS 04230607+2801194 (M6), 04242090+2630511 
(M6.5), 04335245+2612548 (M8.5), 04362151 +2351165 
(M5.25), and ITG 15 (M5). As discussed bv iLuhman 
(2006), the completeness of the survey bv IGuieu et al. 
(|2006i) is lower than they reported, and these overlooked 
objects further demonstrate this. 

The level of completeness of previous membership sur- 
veys of Taurus at spectral types of M2-M6 has been un- 
known because of a possible gap between the faint lim- 
its of the wide-field X-ray and objective prism surveys 
and the bright lirnits of deep op tical broad-band imaging 
surveys l|Lulimanll20'04bl 120061) . Indeed, 9 of the 11 new 
members with measured spectral types are in this range 
of spectral types, as illustrated by the distributions of 
spectral types in Figure El for previously known mem- 
bers within the IRAC survey and for new members. The 
color criteria in Figure |2| that we used to select class I 
and II candidates are satisfied by 12 new members, 65 
previously known members, and 8 objects that lack spec- 
troscopy and appear within the ranges of colors and mag- 
nitudes of previously known members, which implies a 
completeness of ^ 76-84% for the sum total of all pre- 
vious surveys across the portion of Taurus imaged by 
IRAC. 

6. IMPLICATIONS OF SURVEY 

Because of its sensitivity and large areal coverage, our 
survey of Taurus has direct implications for the distribu- 
tions of Taurus members as a function of position, mass, 
and extinction. As demonstrated in the map of Taurus 
in Figure ^ the spatial distribution of the new class I 
and II sources is similar to that of the previously known 
members in classes through III. Among only class II 
sources, most of the new members are clustered near ar- 
eas of high extinction in the same manner as the pre- 
viously known members, while three of the new sources 
in the southeast part of the survey area are relatively 
far from dark clouds. However, in general, the previ- 
ous surveys have provided an accurate measurement of 
the distribution of class II objects in Taurus. In the 
po rtion of our survey t hat overlaps with are as imaged 
bv iBriceiio et alJ lj2002D and iLuhmai] lj2004bD . we have 
found only a few new members. As a result, the measure- 
ments of initial mass functions presented in those studies 
do not require significant revisions and accurately reflect 
the Taurus stellar population. The extinction limits of 
our search for class II members of Taurus are very high, 
and yet the extinctions of the new members are similar 
to those of the previously known ones. Thus, as with 
position and mass, the previously measured distribution 
of members as a function of extinction also appears to be 
representative of Taurus. In particular, some models of 
brown dwarf disks have suggested that these disks might 
have higher scale heights than disks around stars, which 
would result in higher average extinctions for class II 
brown dwarfs relati ve to class II sta rs if the gas and dust 
are well- mixed (; Walker et al.ll2?ffl3) . However, we do not 
find a population of brown dwarfs that are more highly 
reddened than the previously known ones that were dis- 
covered in optical and near-IR surveys, which suggests 
that the disks around brown dwarfs do not have higher 
scale heights, or if they do, that the dust has settled. 
Overall, the measured distributions of Taurus members 
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as a function of position, mass, and extinction are not 
changed significantly by our survey. 

In addition to identifying new members, the IRAC im- 
ages also provide mid-IR photometry for nearly half of 
the previously known members of Taurus. For several 
members, a measurement in a given band is unavailable 
in the original Archive because a detection was present 
in only one of the two exposures for that band. In 
these cases, we manually inspected the images to de- 
termine if the measurement from the one image was 
sufficient. In this way, we recovered photometry for 
LkCa 21, Jl-665, CFHT 20, FZ Tau, PSC 04158-1-2805, 
and 2MASS 04242090-^2630511 in [4.5] and GO Tau 
and IRAS 04239+2436 in [8.0]. In Table H we present 
IRAC measurements for 144 known members of Taurus 
that are within the IRAC fields, excluding five class I 
members with extended emission. For the latter ob- 
jects, we measured photometry for apertures across a 
range of radii, which is provided in Table [S] These mea- 
surements have uncertainties of ^ 0.1 mag. Only one 
of these class I sources, IRAS 04248-1-2612, has pho- 
tometry in the Archive that satisfied the criteria used 
in constructing Figure |21 Thus, it is the only one ap- 
pearing in that diagram, and it is plotted with the de- 
fault photometry from the Archive rather than the mea- 
surements in Table El We note that the colors of the 
class I sources in Table vary with aperture size and 
are distributed all over color-color space, including in- 
side the class II region, whi ch has been predicted by 
models ijWhitnev et al J 12003 ^ and observed in previous 
IRAC measurements in Taurus (Hartmann et al. 2005). 

With the IRAC measurements, we can measure the fre- 
quency of disks among stars and brown dwarfs in Taurus. 
For this measurement, we must exclude the new mem- 
bers that we have found in this work because they were 
identified through the presence of disk emission. These 
new members cannot be included in a disk fraction mea- 
surement unless a new survey is performed that encom- 
passes these objects among its identified members and 
that is unbiased in terms of disks. In addition, we con- 
sider only the 118 previously known members that have 
photometric uncertainties less than 0.1 mag in all four 
IRAC bands. Based on these data, which are shown in 
Figure El we measure disk fractions of 57/93=61 ± 8% 
for the stars (<M6) and 10/25=40 ± 13% for the brown 
dwarfs (>M6)^. This measurement for the stars in Tau- 
rus is higher than the disk fractions for stellar members 
of IC 348 (33±4%) and Chamael eon I (45±7%) t hat wer e 
measured from IRAC data by iLuhman et al.l l)2005bj) . 
which is consistent with the younger age of Taurus (r ~ 
1 Myr, Briceno et al. 2002; Luhman et al. 2003a) relative 
to thes e two clusters (r ~ 2 Myr, L uhman et al. 2003b; 
ILuhman i2004a) . Unlike IC 348 and Chamaeleon I, the 
disk fraction of brown dwarfs in Taurus is lower than 
that of the stars, but this difference has only marginal 
statistical significance and may be the result of the in- 
completeness of the current census of Taurus for class I 
brown dwarfs. 

7. CONCLUSIONS 

^ The hydrogen burning mass hmit at ages of 0.5-3 Myr corre- 
sponds to a spectra l typ e of '^M6.25 accordin g to the models of 
IBaraffe et al J j l^)^^^ and IChab rier et al.l 1200(1) and the tempera- 
ture scale of lLuhman e t al. 1 2003bD. 



We have presented the results of a mid-IR imaging sur- 
vey of 29.7 deg^ of the Taurus star-forming region that 
was performed with IRAC aboard the Spitzer Space Tele- 
scope. We used these data to search for new members of 
Taurus by identifying objects with colors indicative of 
circumstellar disks. Through spectroscopy of 23 of these 
candidates, we have discovered 13 new members. One 
of these objects appears to be a class I source based on 
its IRAC colors, while two of the new members have 
spectral types later than M6 and thus are likely to be 
brown dwarfs. The number of new members found in 
this survey indicates that the previous census of Tau- 
rus exhibits a completeness of ~ 80% for class I and II 
sources. Meanwhile, by considering the number of previ- 
ously known members of Taurus that we have recovered, 
we estimate that our survey has a completeness of ~ 94% 
for class I and II members. This completeness extends 
to high levels of extinction, ranging from Ak ^ 2-10 for 
M ^ 0.02-2 Mq. If brown dwarf disks are more flared 
than disks around stars, than the average extinction to- 
ward brown dwarfs should be higher than toward stars, 
but we have found no evidence of this in our survey. The 
new members that we have found do not significantly al- 
ter the distributions of Taurus members as a function of 
position, mass, and extinction that have been measured 
in previous membership surveys. 

In addition to performing a search for new members of 
Taurus, we have also measured mid-IR photometry for 
the 149 previously known members of Taurus within the 
IRAC survey, which comprises nearly half of the known 
membership. With these data, we have measured disk 
fractions of 61 ± 8% and 40 ± 13% for the stellar (<M6) 
and substellar (>M6) members of Taurus. The disk frac- 
tion for stars in Taurus is higher than the fraction for 
stellar members of IC 348 and Chamaeleon I, which is 
consistent with the slightly younger age of Taurus im- 
plied by Hertzsprung-Russell diagrams of these popula- 
tions. Meanwhile, the difference in disk fractions for stars 
and brown dwarfs in Taurus has only marginal statistical 
significance and may be a reflection of the incomplete- 
ness for class I brown dwarfs in surveys of this region to 
date. Indeed, ~ 500 candidate members of Taurus from 
this IRAC survey remain unobserved with spectroscopy, 
most of which would be class I brown dwarfs if confirmed, 
although a vast majority are probably red galaxies. 
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TABLE 1 
Observing Log 



iM IgllTi 




Telescope + Instrument 


Disperse! 


A 
(/im) 


\ / A\ 
A/ L\A 


1 


2005 Dec 12 


IRTF - 


f SpcX 


prism 


0.8-2.5 


100 


2 


2005 Dec 13 


IRTF - 


f SpcX 


prism 


0.8-2.5 


100 


3 


2005 Dec 14 


IRTF - 


f SpcX 


prism 


0.8-2.5 


100 


4 


2005 Dec 20 


HET 4 


- LRS 


G3 grism 


0.63-0.91 


1100 


5 


2005 Dec 23 


HET 4 


- LRS 


G3 grism 


0.63-0.91 


1100 


6 


2005 Dec 25 


HET 4 


- LRS 


G3 grism 


0.63-0.91 


1100 


7 


2005 Dec 26 


HET 4 


- LRS 


G3 grism 


0.63-0.91 


1100 


8 


2006 Feb 9 


Magellan II 4- LDSS-3 


VPH red grism 


0.68-1.1 


1300 


9 


2006 Feb 10 


Magellan II 4- LDSS-3 


VPH red grism 


0.58-1 


1300 



TABLE 2 
New Members of Taurus 



2MASS^ 


Spectral Type^" 


Membership 
Evidence^ 


J - 


- i?» 


H 






[3.6] 


[4.5] 


[5.8] 


[8.0] 1 


J04224786+2645530<* 


Ml 


c,Av,cx 


1, 


.44 


0, 


,86 


9.29 


8.174i0.06 


7.454=0.06 


6.994:0.03 


6.26±0.02 


J04230607+2801194 


M6.5(IR),M6(op) 


NaK,c,H20,cx 


0, 


.63 


0, 


,41 


11.20 


10.56±0.03 


10.27±0.05 


9.894=0.04 


9.35±0.03 


J04231822-f 2641156 


M3.5 




1, 


.64 


0, 


,84 


10.18 


9.42±0.05 


9.084=0.04 


8.704=0.03 


8.084=0.03 


J04242090+2630511 


M7{IR),M6.5(op) 


c,H20,cx,NaK 


0, 


.68 


0, 


,38 


12.43 


11.80±0.05 


11.42±0.10 


10.99±0.04 


10.33±0.03 


J04293606+2435556 


M3 


Av ,cx- 


1, 


.39 


0, 


,73 


8.66 


7.914=0.04 


7.67±0.06 


7.40±0.04 


6.96±0.03 


J043352454-2612548 


M8.5 


Ay,H20,ex 


1, 


.21 


0, 


,60 


13.99 


13.084=0.05 


12.564=0.07 


12.174=0.05 


11.394=0.04 


J0436215H-2351165 


M5.25 


NaK,ex 


0, 


.63 


0, 


,29 


12.24 


11.734=0.04 


11.464=0.05 


11.064=0.04 


10.504=0.03 


J04375670-|-2546229« 


? 


e,ex 


0, 


.87 


0. 


,56 


12.70 


11.954=0.06 


11.314=0.06 


10.704=0.03 


9.75±0.03 


J04390525-I-2337450 


? 


e,cx 


1, 


.08 


0. 


,75 


11.55 


10.514=0.05 


10.104=0.04 


9.684=0.03 


8.934=0.02 


J04393364-I-2359212 


M4.75(IR),M5(op) 


NaK,H20,ex 





.76 


0. 


,53 


10.28 


9.574=0.03 


9.174=0.04 


8.764=0.02 


7.914=0.03 


J043944884-2601527'' 


M4.75(IR),M5(op) 


NaK,e,Ay,H20,ex 


1, 


.12 


0, 


,57 


8.95 


8.374=0.04 


8.064=0.05 


7.674=0.04 


7.014=0.03 


J044000674-2358211 


M6.5(IR),M6(op) 


NaK,e,H20,ex 


0, 


.56 


0, 


,39 


11.48 


10.844=0.06 


10.604=0.06 


10.294=0.04 


9.664=0.02 


J044124644-25435308 


M3.5 


Av^,ex 


3 


.18 


1, 


,78 


11.75 


10.354=0.04 


9.774=0.04 


9.354=0.03 


8.844=0.03 



''2MASS Point Source Catalog. 

^Uncertainties are ±0.25 and ±0.5 subclass for the optical and IR types from this work, respectively, unless noted otherwise. 

^Alcmbership in Taurus is indicated by Av ^ 1 and a position above the main sequence for the distance of Taurus ("Av"), strong emission lines ("e''), Na I a 
strengths intermediate between those of dwarfs and giants ("NaK"), IR excess emission ("ex"), or the shape of the gravity-sensitive steam bands ("H2O"). 
'^IRAS 04196+2638. 
''ITG 1. 
fjTG 15. 
SJTG 40. 



TABLE 3 
NONMEMBERS 



2MASS* 


J -if" 






[3.6] 


[4.5] 


[5.8] 


[8.0] 


Night 


J042336974-2526284 


1.28 


0.97 


14.51 


13.11±0.06 


12.17±0.07 


11.22±0.04 


10.08±0.03 


3 


J042529364-2654238 


1.23 


0.22 


15.85 




13.204=0.07 


12.654=0.07 


11.894=0.05 


4 


J04253556+2457398 


0.88 


0.96 


14.00 


12.704=0.06 


11.98±0.05 


11.294=0.03 


10.044=0.03 


3 


J04260493+2302201 


1.06 


0.95 


14.61 


13.614=0.04 


12.82±0.05 


12.094=0.04 


10.684=0.03 


2 


J04275447+2424145 


0.90 


0.99 


14.15 


12.684:0.07 


11.79±0.06 


11.06±0.05 


10.07±0.02 


3 


J04340188+2319066 


1.02 


0.93 


14.38 


12.544=0.05 


11.88±0.06 


11.11±0.04 


10.214:0.03 


3 


J04350207+2331415 


0.93 


0.55 


14.21 


13.054=0.06 


12.524=0.08 


11.86±0.04 


10.904=0.03 


2,5 


J04362486+2621473 


1.36 


1.13 


13.89 


12.554=0.06 


11.834=0.05 


11.154=0.04 


10.334=0.03 


2 


J043856184-2342078 


0.53 


0.31 


14.91 


14.744=0.06 


14.534=0.06 


14.344=0.19 


13.284=0.07 


8 


J044430864-2614092 


1.05 


1.05 


13.54 


11.424=0.04 


10.334=0.04 


9.444=0.03 


8.354=0.02 


2,5 



''2MASS Point Source Catalog. 
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TABLE 4 

Previously Known Members of Taurus in Spitzer Survey 



2MASS'' 


Other Name 


J - 


- H'^ 


H 


- Ks'^ 




[3.6] 


[4.5] 


[5.8] 


[8.0] 


J04173372+2820468 


CY Tau 





.86 





.37 


8.60 


7 «5-l-n 03 

1 •'J'J -i—\J '\J*J 


7 5f;-l-o 06 


7 99+0 03 


R fiQ+n 02 

U.UC— 1— U.Ui; 


J04174955+2813318 


KPNO 1 





.75 


0. 


35 


10.79 


1 n 75-l-n (13 


1 n S2-I-0 03 

XU. tjii— LU. WiJ 


q 7S+0 02 


a 84+0 02 

0. Orl-l— U. Ui; 


J04174965- 


h2829362 


VzLI n Y rav 1 


\ 


.29 


0. 


.65 


9.08 




7 7c;-|-0 O'n 




A 4Q-I-0 O'^ 

U.'lO.EU. uo 


J04180796- 


h2826036 


VzL1 n Y rav 


Q 


.73 


0. 


.37 


10.45 


Q QQ4-0 08 


Q QQ-UO O'n 

y . oy ^u. uo 


Q 77-1-0 O'^ 
y . I / inu. uo 


Q 7c;-U0 O'^ 
y . 1 omu. uo 


J04181710- 


h2828419 


V41 Arinri 1 3 


\ 


.29 


0. 


.70 


10.96 




q S9-I-0 OR 




8 81 4-0 O'^ 

C J . (J J — 1— ij . u 


J04182239- 


h2824375 




2 


.89 


\ 


.53 


10.73 


Q K04-0 04 


Q 4(^-1-0 O'n 


Q 97-1-0 O'^ 


Q 984-0 0'^ 
y..zoii_vj. uo 


J04182909- 


h2826191 




3 


.27 


\ 


.70 


9.94 


Q Q7-i-n 04 

O. O 1 ZlU. UI 


Q c;Q-i-o O'n 

O. 'JO-CU. UtJ 


Q qc;-|-o O'^ 
o. oomu. uo 


Q Q4J-0 0'^ 

O.OI-LU.UO 


J04183030- 


h2743208 


KPNO 1 1 


Q 


.61 


0. 


.26 


11.01 




1 n ciQ-UO 0^^ 


1 444-0 0*^ 

XU. I^^U.UO 


1 4S4-0 04 

XU . 10— l—U.Urt 


J04183110- 


h2827162 


VzLl n Tail A_LR_L.n 


Q 


.66 


0. 


.16 


7.63 




7 Q9-I-0 04 


7 99-1-0 

1 . ^Zr^U . UO 


7 91 _|_o 09 


J04183112- 


h2816290 


nn Tail A-4-R 


\ 


.15 


0. 


.80 


7.88 


« 4.1 _|_n cvi 


r: 7Q-I-0 O'i 


c 91 -1-0 O'^ 
0. Z X^U.UO 


4 49-UO 09 


J04183158- 


h2816585 


C^7 Tan A 


n 
u 


7zL 
. t ^ 


n 


41 


y .ou 


8 "^Q-l-O 04 


7 c;c;-|-0 0^^ 


c;q-UO 09 


4 QQ-UO 09 


J04183203+2831153 




2 


.82 


2, 


.09 


10.27 




a qQ-UO 04 




K 47-1-0 O'i 
o.'-t 1 ^u. uo 


J04183444+2830302 


V4in X-rav 9 
V j\.~L<xy ^ 


3 


.06 


\ 


.49 


9.21 




Q 044-0 0^ 




7 4K4-0 0^ 


J04184023+2824245 




2 


.68 


\ 


.28 


9.69 


Q Q1 -L-n 04 


Q c;k4-0 0^ 


Q QQ-L-O 0^ 


Q 494-0 0*^ 


J04184061+2819155 


VJ^Q9 Tan 


]^ 


.73 


\ 


.23 


5.79 


<5.04 




Q r:Q_uo 0^ 




J04184133+2827250 


LRl 


Q 
O. 


.ou 




87 

.O 1 


1 J-.UO 


Q 484-0 07 


Q 7Q4-0 (\^ 


8 "^^-UO 0^ 


7 QI -UO 0*^ 


J04184250+2818498 


V4in Y-rav 7 

V yv-ldj' 1 


2 


.83 


0. 


.84 


9.26 




Q c:o_|_o 0^ 


Q QQ-UO 04 


Q QQ-UO 08 
0.003IU.U0 


J04184505+2820528 


V4in Annn 90 


2 


.99 


\ 


.48 


11.93 


1 n Q4-1-0 04 


in 70-1-0 07 

XU. 1 U^U.U 1 


10 "^iO-l-O 04 

XU.OU^U.U'i 


1 484-0 04 

XU.^O^U.U'i 


J04184703- 


h2820073 


Hiihhlp 4 


Q 


.92 


0. 


34 


7.29 


7 fi'i-l-O 04 


7 00-1-0 04 
( . uuinu . UI 


u. y xmu . uo 


f. q9-|-o 09 

U. y ZrZCU . UZr 


J04185115- 


h2814332 


KPNO 2 


Q 


.68 


0. 


.49 


12.75 


1 9 Ol _|_n 07 


1 9 074-0 04 

X.^ . U ( ZT-Kj •\J'-i 


1 1 Qq4-o 0^ 
X X . yy niu.uo 


1 1 Q(S-|-0 07 

X X . OU^U.U 1 


J04185147- 


h2820264 


OoKii Tail /I 




.38 


0. 


52 


10.97 


1 9X+0 04 

X\J . ZjO_l_U.Urt 


Q qo-hO 05 


7 R94-0 09 


c: 77-1-0 09 

U.I 1 -1— U . Uii 


J04185813- 


h2812234 
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Members of Taurus with Extended Emission 
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Fig. 1. — Spatial distribution of previously known members of the Taurus star-forming region (circles) and new members discovered 
in this work (crosses, Table |3 shown with a map of extinction (omt/aca^e. .Dobashi ct al. 2005). The area imaged with IRAC aboard the 
Spitzer Space Telescope in this work is indicated (solid lines). 
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Fig. 2. — Spitzer IRAC color-color diagrams for the survey fields in the Taurus star-forming region indicated in Figure Top: 
Among the previously known members of Taurus {circles, Table Bl . the ones with circumstellar disks have colors of [5.8] — [8.0] > 0.3 and 
[3.6] — [4.5] > 0.15 {dashed line). Bottom: Among the other point sources in the survey, we obtained spectra of a sample of objects with 
colors in this diagram and magnitudes in Figurel^Jthat are similar to those of the known disk-bearing members of Taurus. The candidates 
classified as new members {crosses) and nonmembers {triangles) are listed in Tables |5] and |3] respectively. Only objects with photometric 
errors less than . 1 mag in all four bands are shown in these two diagrams. The reddening vector is based on the extinction law from 
llndebetouw et alJ 120051) . 
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Fig. 3. — Spitzer IRAC color-magnitude diagram for the survey fields in the Taurus star-forming region indicated in Figure^ We show 
the previously known members of Taurus in this survey area (circles) and a sample of new sources with colors in Figure|5]and magnitudes in 
this diagram that are similar to those of known disk-bearing members of Taurus, which we have spectroscopically classified as new members 
(crosses) and nonmembers (triangles). We also include the remaining sources from Figure l^that have red colors ([3.6] - [4.5] > 0.15, 
[5.8] — [8.0] > 0.3) and lack spectroscopy (points). Only objects with photometric errors less than 0.1 mag in all four bands are shown in 
this diagram. The comp leteness limit for sources of this kind is shown (dashed line). The reddening vector is based on the extinction law 
from llndebetouw et al.l 120051) . 
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Fig. 4. — Optical spectra of new members of the Taurus star-forming region discovered in this work. Spectral types could not be 
measured from the data for the first two stars; the classifications for the remaining sources are indicated. The spectra of the M-type objects 
have been corrected for extinction, which is quantified in parentheses by the magnitude difference of the reddening between 0.6 and 0.9 /nm 
(E(0.6 - 0.9)). The spectrum of 2MASS 04390525+2337450 is shown at the observed resolution of 7 A to facilitate the viewing of its 
emission lines. The remaining data are displayed at a resolution of 18 A. All data are normalized at 7500 A. 
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Fig. 5. — Near-IR spectra of new members of the Taurus star-forming region discovered in this work. Spectral types could not be 
measured from the data for the first two stars; the classifications for the remaining sources are indicated. The spectra for the M-type 
objects have been dereddoned to the same slope as measured by the ratios of fluxes at 1.32 and 1.68 /im. These data have a resolution of 
R = 100 and are normalized at 1.68 /im. 
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Fig. 6. — Distribution of spectral types for previously known members of the Taurus star- forming region within the survey field in 
Figure^ (so/jci histogram) and the distribution after adding the new members discovered in this work {dashed histogram). 



